The tobacco alkaloid nicotine possesses a molecular structure by which it may be related empirically to the amino acid proline. Proline is a-pyrrolidinecarboxylic acid. Nicotine may be considered as an N-methylated proline containing a 3-pyridine rino attached to the alpha position in place of the carboxyl. These similarities have been pointed out by TOTTINGHAM (9) and have been employed by TRIER (12) as a basis for extensive speculations on the probable origin of nicotine in the tobacco plant. According to TRIER, nicotine may be formed in vivo from proline and nicotinic acid by a simultaneous oxidative decarboxylation of the two molecules. The methylation of the pyrrolidine nitrogen was accounted for by the action of methyl alcohol as a dismutation product of formaldehyde. TRIER postulated the formation of the pyridine portion of the nicotine molecule from proline through the intervention of formic acid as the second dismutation product of formaldehyde. In short, the hypothesis of TRIER assigned to proline the role of precursor of both the five-and the six-membered rings of the nicotine molecule. It should be noted, however, that TRIER'S theory was advanced at a time when nicotinic acid was practically unknown in the literature of plant chemistry. KLEIN and LINSER (7) tested TRIER's hvpothesis by culturing the excised leafy shoots of tobacco plants in dilute aqueous solutions of proline. These investigators obtained large increases in the nicotine content of the leaves and stems of the plants to which proline had been supplied. The hydrochlorides of glutamic acid and of ornithine were found to possess similar effects. GORTER (5) critically reviewed the work of KLEIN and LINSER and presented data of his own to show that both those plants provided with proline and those cultured in KNOP'S solution after a period of 4 or 5 days contained less nicotine than at the beginning of the experiment. The increase
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The tobacco alkaloid nicotine possesses a molecular structure by which it may be related empirically to the amino acid proline. Proline is a-pyrrolidinecarboxylic acid. Nicotine may be considered as an N-methylated proline containing a 3-pyridine rino attached to the alpha position in place of the carboxyl. These similarities have been pointed out by TOTTINGHAM (9) and have been employed by TRIER (12) as a basis for extensive speculations on the probable origin of nicotine in the tobacco plant. According to TRIER, nicotine may be formed in vivo from proline and nicotinic acid by a simultaneous oxidative decarboxylation of the two molecules. The methylation of the pyrrolidine nitrogen was accounted for by the action of methyl alcohol as a dismutation product of formaldehyde. TRIER postulated the formation of the pyridine portion of the nicotine molecule from proline through the intervention of formic acid as the second dismutation product of formaldehyde. In short, the hypothesis of TRIER assigned to proline the role of precursor of both the five-and the six-membered rings of the nicotine molecule. It should be noted, however, that TRIER'S theory was advanced at a time when nicotinic acid was practically unknown in the literature of plant chemistry. KLEIN and LINSER (7) tested TRIER's hvpothesis by culturing the excised leafy shoots of tobacco plants in dilute aqueous solutions of proline. These investigators obtained large increases in the nicotine content of the leaves and stems of the plants to which proline had been supplied. The hydrochlorides of glutamic acid and of ornithine were found to possess similar effects. GORTER (5) critically reviewed the work of KLEIN and LINSER and presented data of his own to show that both those plants provided with proline and those cultured in KNOP'S solution after a period of 4 or 5 days contained less nicotine than at the beginning of the experiment. The increase in nicotine content of the leaves of the plants supplied with proline was onlly apparent and represented merely a less extensive decrease rather than an actual synthesis of nicotine. In the present study attention was given to the influences of proline, pyrrolidonecarboxylic acid, glutamic acid, ornithine, nicotinic acid, and other substances upon the nicotine content of tobacco leaves by the use of methods of culture and of expression of data PLANT PHYSIOLOGY differing in certain respects from those employed by KLEIN and LINSER and by GORTER.
Materials and methods Tobacco seedlings of the Havana Seed and Connecticut Broadleaf no. 38 varieties were grown in white quartz sand to which a modified SHIVE threesalt nutrient solution was added at daily intervals. The composition of this solution was calcium nitrate 0.0042, monopotassium phosphate 0.0021, and magnesium sulphate 0.0042 partial gram moles per liter. Supplements of iron, boron, manganese, and copper were added in the proportions of two parts per million. The seedlings were transplanted when about one inch in height to a well composted soil in eight-inch porous clay pots. Weekly applications of a 0.1 per cent. suspension of Nitrophoska (15-30-15), extension of the daily photoperiod by a series of 150-watt Mazda lamps, and an average greenhouse temperature of 250 C. made possible the production of fairly vigorous plants with large dark green leaves even during the winter season. In all cases the plants were grown in the greenhouse between the months of September and June.
When the plants possessed 10 to 15 large leaves each, they were carefully selected for uniformity in height of stem and leaf development. In general, from 4 to 6 plants were used in each experimental unit. An initial leaf sample and a final leaf sample taken from normal rooted plants at the beginning and the end of each experiment provided supplementary controls and served to indicate the course of nicotine synthesis under normal conditions of plant growth.
At the end of the experimental period the leaves were taken from the stems and placed in a refrigerator to await preparation for drying. The midribs were removed and the leaf blades immediately dried in a forced current of air preheated to 800 C. Drying was usually complete within an hour, but the tissues were allowed to remain in the oven for 2 hours. The material was then pulverized, weighed, and preserved in tightly stoppered bottles. The results of subsequent chemical analyses are expressed on the basis of this roughly dried material.
The cut stem method of plant culture as employed by KLEIN and LINSER (7) in their studies on nicotine metabolism was adapted for large scale use in the present investigation. The details of this modified procedure have been described elsewhere (3) . Essentially All data from these experiments are expressed in terms of milligrams of nicotine in the leaves of the individual plant. All changes in volatile alkaloid content amounting to less than 20 per cent. are arbitrarily considered to be within the limits of experimental error and hence of no value in establishing the premises of this study.
Glutamic acid was prepared by the addition of one equivalent of potassium hydroxide to a solution of d-glutamic acid hydrochloride. The precipitate was filtered, washed with water, and dried. Pyrrolidonecarboxylic acid was obtained by autoclaving a 10-per cent. suspension of glutamic acid prepared as previously described at 115 pounds pressure for 6 hours (11).
Since no ready method was available for the determination of the components of the resulting equilibrium mixture, it was assumed for purposes of making up the culture solutions that the reaction had proceeded to completion. All the amino acids, sugars, and other compounds and reagents used in this study beyond those whose preparations have already been described were the highest grades obtainable from Merck and Co., Inc., and from the Eastman Kodak Co. Nicotine was isolated as the dipicrate from the steam distillate of each sample showing a significant deviation from the controls with respect to nicotine content. The purpose of this operation was to determine from the melting point of each preparation whether or not the increase in nicotine content in the tissues as determined by the steam distillation method represented an actual synthesis of nicotine itself or merely a conversion of the substances supplied in the culture solutions into steam volatile bases which could be precipitated with silicotungstic acid and, hence, be determined as nicotine. The possibility of such interference seemed especially likely in the case of proline and nicotinic acid, both of which could conceivably be decarboxylated within the leaf tissues to yield pyrrolidine and pyridine respectively. The (4) . In the present study two experimenits were conducted employing both glutamic acid and pyrrolidonecarboxylic acid in the culture solutions.
In the first experiment, 24 Connecticut Broadleaf no. 38 tobacco plants were placed, in the manner already described for cut stem cultures, in 0.007 M solutions of d-glutamic acid, 1-pyrrolidonecarboxylic acid, and citric acid all adjusted to pH 3.4. The flasks containing the leafy shoots were placed in a diffusely lighted room the relative humidity of which remained about 35 per cent. The solutions were maintained at a temperature of about 100 C. After 96 hours of culture the plants were harvested and dried. The quantities of solution absorbed, the dry weights, and the data for nicotine content are found in table I. (uncorrected).
The results indicate an increase in absolute nicotine content only in the leaves of those plants which had been supplied with pyrrolidonecarboxylic acid. This increase amounted to nearly 25 per cent. of the quantity of volatile alkaloid present in the leaves of the control plants in water. Glutamic acid exerted no influence on nicotine formation, but there were unmistakable indications of its effects on solution absorption and leaf turgidity (3). Citric acid also failed to alter the process of nicotine synthesis.
A second experiment employing d-glutamic acid and l-pyrrolidonecarboxylic acid was conducted under the same conditions as were described for the preceding experiment. The plants used were Again pyrrolidonecarboxylic acid gave a significant increase in absolute nicotine content: this time the increase was 35 per cent. above the corresponding value for the leaves of the plants in water. Glutamic acid, however, failed to influence nicotine formation in spite of the marked physiological influence which it again exhibited upon the plants to which it was supplied. Glycine gave an apparent increase of 14 per cent. in nicotine. The order of magnitude of this variation, however, lies well within the limits of experimental error and cannot be regarded as significant.
The evidence of physiological activity exhibited by glutamic acid in the two experiments just described led to the suggestion that the quantity of the acid supplied to the plants may have been inadequate for nicotine formation from the acid as a precursor because of its rapid utilization in other cell reactions of considerably greater intensity. Consequently, an experiment was conducted in which twice the concentration of glutamic acid was em-ployed in the culture solutions. The results for the influence of pyrrolidonecarboxylic acid upon nicotine synthesis, however, seem to be much more suggestive. From the evidence at hand and that of KLEIN and LINSER (6) upon the synthesis of trigonelline from pyrrolidonecarboxylic acid, it appears that some mechanism may be available in the leaf cells by which this substance can be converted into nicotine or related compounds.
THE EFFECT OF PROLINE UTPON THE NICOTINE CONTENT OF TOBACCO LEAVES
The third step in the hypothetical nicotine synthesis of TRIER (12) involves the simultaneous oxidative decarboxylation of a molecule of n-methyl proline and a molecule of nicotinic acid with subsequent combination of the cyclic residues to give the characteristic structure of the nicotine molecule. It should be noted that the substance which would be formed in this reaction from proline itself with nicotinic acid is identical with one of the minor tobacco alkaloids closely associated with nicotine, namely nornicotine (8) .
KLEIN and LINSER (7) reported the results of eight different experiments in which proline alone gave an average increase of about 80 per cent. in the nicotine content of the green tobacco plants. Their chlorophyllin2 and in water. The solutions were chilled to 16°C. by use of running water. The light was diffuse and indirect, and the room temperature remained between 220 and 230 C. The leaves were harvested and dried at the end of the fourth day, at which time only the plants supplied with nicotinic acid hydrochloride were still fresh and turgid. The plants which had been placed in solutions of sodium magnesium chlorophyllin wilted within 2 hours after the inception of the experiment and were hence discarded.
Two of the substances employed in the culture solutions in this experiment induced significant variations in the nicotine content of the leaves. 1-Proline apparently increased the absolute nicotine content of the leaves 22 per cent. above the quantity of the alkaloid present in those leaves cultured in water. Nicotinic acid hydrochloride exerted a similar influence ( (uncorrected).
Taken as a whole, the data from this study and from that of KLEIN and LINSER seem to establish the fact that tobacco leaf tissues have the capacity for transforming the pyrrolidine nucleus of proline into nicotine. Inspection of the melting point values for the picrates isolated from the distillation mixtures indicates that they were identical with the melting point of nearly pure nicotine dipicrate. Hence, although it is barely possible that picrates of such other substances as pyrrolidine or pyridine might have escaped detection by means of greater solubility in the aqueous recrystal-lizing medium, it seems reasonable to assume that the differences in volatile alkaloid content of the leaf samples employed in this study might be safely attributed to increased synthesis of nicotine itself.
One other important aspect of the data should be considered. The work of GORTER (5) (10) .
In the present study small losses of volatile alkaloid have been almost invariably encountered after periods of cut stem culture, but in no case have losses exceeding 10 to 15 per cent. been observed. Since it seems reasonable to assume that a s imilar loss occurred in the leaves of all the experimental groups regardless of the solutes supplied, the values for percentage increase or decrease in nicotine content have been calculated on the basis of the number of milligrams of nicotine in the leaves of the plants supplied with tap water. In all cases in which significant increases in nicotine content have been observed in this study, the total quantity of the alkaloid in the leaves has exceeded that present in similar samples of leaves collected and analyzed at the inception of the experiments, and in most cases has exceeded the amount present in the leaf samples collected at the ends of the experimental periods. Therefore, the results of the present investigation seem to confirm the findings of KLEIN and LINSER with respect to the ability of proline to increase the nicotine content of the leaves of excised tobacco plants.
THE INFLUENCE OF NICOTINIC ACID UPON THE NICOTINE CONTENT OF TOBACCO LEAVES
Assuming that excisAd tobacco leaves are able to synthesize nicotine directly from proline, it would seem that the supply of proline should be a limiting factor in the synthesis of the alkaloid. Furthermore, it would appear that the pyridyl portion of the nicotine molecule must necessarily be provided by the conversion of a portion of the proline itself into nicotinic acid, as suggested by TRIER and by KLEIN and LINSER, or by preformed nicotinic acid as a naturally occurring constituent of tobacco leaf tissues. In the event TRIER'S hypothesis has a basis in fact, therefore, the substitution of nicotinic acid for proline in the culture medium would be expected to have no influence upon the nicotine content of the leaves, unless, of course, the assumed reaction proline -> nicotinic acid were From the evidence at hand, it appears that nicotinic acid possesses the ability to increase the quantity of nicotine in the leaves of excised tobacco plants. Preliminary observations, however, indicate that this relationship is not of the same type as that represented by proline and by pyrrolidonecarboxylic acid and possibly by glutamic acid. Nicotine synthesis in the presence of nicotinic acid seems to be closely related to growth and dry weight accumulation. Therefore, the increases in nicotine content may not represent a passive synthesis from nicotinic acid as a precursor but an indirect synthesis in which nicotinic acid enters into one or more important metabolic reactions before it is converted into nicotine. The similarity of this induced nicotine synthesis to the normal process of alkaloid formation in the tobacco leaf suggests important possibilities for approaching the problem of the phvsiological significance of nicotine in the nitrogen metabolism of tobacco. Summary 1. The influence of various naturally occurring organic compounds on the nicotine content of green tobacco leaves was studied by culturing excised tobacco shoots in aqueous solutions of these substances. This was followe(d by quantitative analyses of the leaf tissues for changes in nicotine content.
2. The substances tested for their influences on nicotine formation were i-proline, d-glutamic acid, i-pyrrolidonecarboxylic acid, sodium magnesium chlorophyllin, glycine, d I-a amino-n-valeric acid, d-arginine monohydrochloride, nicotinic acid hydrochloride, d-glucose, and citric acid.
3. Proline, nicotinic acid hydrochloride, pyrrolidonecarboxylic acid, and glutamic acid gave indications in varying degree of possessing an effect upon the nicotine content of tobacco leaves. These results appear to confirm the observations of KLEIN and LINSER (7) and partially to support the hypothesis of TRER (12) .
4. In so far as they may be compared, the effectiveness of each of these substances in increasing nicotine content paralleled the respective closeness of its molecular structure to the nicotine molecule. That is, glutamic acid was least effective and is most remotely related to nicotine in chemical structure. Pyrrolidonecarboxylic acid was moderately effective and is somewhat more closely related to a portion of the nicotine molecule in chemical structure. Proline was most effective and is closely related structurally to one portion of the nicotine molecule. Nicotinic acid was also effective and is somewhat closely related to another portion of the nicotine molecule in chemical structure, but its effectiveness was, in these experiments at least, due almost entirely to its influence on growth and dry weight accumulation of tobacco leaves during cut-stem culture. In part, the results of this study again appear to substantiate the theory of TRIER with regard to the mechanism of nicotine synthesis in vivo.
5. It was shown by isolation and melting point determinations of the pierates of the volatile alkaloid complex of the various samples showing a significant increase in nicotine content that the analytical differences were probably due to increases in nicotine itself rather than to decomposition products of the substances supplied to the leaves. 6 . Sodium magnesium chlorophyllin, glycine, d-arginine monohydrochloride, d-glucose, citric acid, and d i-a-amino-n-valeric acid gave no indications of possessing an influence upon the nicotine content of tobacco leaves. 7. Two of these substances markedly influenced the dry weight accumulation, turgidity, and growth of tobacco leaves during cut stem culture. d-Glutafnic acid appeared to possess a sparing action on dry weight loss of tobacco leaves during cut stem culture in diffuse light and to greatly increase the water uptake and turgidity of these plants. This effect was independent of the influences of glutamic acid on nicotine content. Nicotinic acid possessed an even more marked stimulus for growth, dry weight accumulation, and increased turgidity, but this influence was associated in every case with an increase in the nicotine content of the leaves.
